Quantitative microchemical investigations of the pathological calcification in rat kidneys produced by uranium nitrate have already been reported from this laboratory (1). During the course of that work, it became apparent that the precise location of certain chemical changes induced by uranium, and their times of initial appearance, might be better studied by histochemical procedures. The anatomical effects of the renal injury produced by uranium have now been followed by classical histological techniques and the data so obtained have been interpreted together with those derived from the chemical and histochemical methods. With this type of approach, it has been possible to trace the development of early pathological calcification in a manner not previously utilized.
ceived 2, 10, 20, or 30 rag. of UO2(NOs)2.6H20 per kg. of body weight, given by intraperitoneal injection in a 0.2 to 1.0 per cent aqueous solution. 6 hours to 12 days later the animals were exsanguinated under ether anesthesia. After removal of the kidneys, portions were cut into slices 1 to 2 ram. thick and placed in one or more of the following fixatives: 5 or 10 per cent aqueous acid, neutral, or alkaline formalins (pH about 3.3, 7.2, and 8.9 respectively, measured on a Beckman glass electrode pH meter), 95 per cent ethyl alcohol, Zenker's and Regaud's solutions, and 4 per cent lead subacetate. After fixation the blocks were cut and stained with the hematoxylin and eosin, Giemsa, and Unna's eosin-methylene blue, and acid fuchsin-methyl green stains using the standard methods.
Calcium was stained by a method recently described (4), using 1 per cent aqueous al~.~rin red S, pH 6.35-6.40, after fixation of the specimens in 95 per cent alcohol, x In tissues similarly fixed, inorganic phosphate was stained by the silver nitrate method of yon K6ssa (5), using Lillie's modification (6) .
A number of variations of the Prussian blue reaction were used in the attempt to demonstrate ferrous or ferric iron in the sections. Lison's technique (7) was applied both in the form as described and with the two modifications: (I) the sections were exposed to the acid ferroor ferricyanide for 10 minutes, rather than the original 15 to 30 minutes, and (2) the 2 per cent potassium ferrocyanide was used at pH 3.4, rather than at pH 1.35. The decrease of exposure time and the increase of pH presumably would reduce any loss of iron from the tissues due to solubility of some iron salts (8) . In addition, many sections were exposed to the ferroand ferricyanide solutions, without acidification (8) .
Tissues studied for metachromasia were fixed in 4 per cent lead subacetate (9) , and 10 per cent acid formalin, pH 3.3; the sections were stained for 30 seconds in 0.1 per cent aqueous toluidine blue, washed in distilled water, air-dried, and cleared with xylol. No difference in metachromatic staining was found with the two methods of fixation.
The method of Hotchkiss (10) for demonstration of polysaccharides by reaction with periodic acid was applied to sections that had been fixed in either 10 per cent acid formalin or 95 per cent ethyl alcohol.
Anatomical Changes
Injury with the different doses of uranium nitrate was found to result in similar anatomical sequelae. The speed with which these evolved and the ultimate volume of tissue affected were mainly dependent upon the amount of uranium administered, and to a lesser degree, upon the duration of injury.
The course of the process can be illustrated by several series of rats injured with 10 mg. of UO2(N03)2.6H20 per kg. of body weight (Table I ).
The first animals were sacrificed 6 and 12 hours after injection and showed no evidence of cytological or other histological alteration with the hematoxylin and eosin or Giemsa stain when compared with control rats. After 24 hours, histological evidence of damage varied from none to the following equivocal changes: some of the cells of a few proximal convoluted segments in the innermost cortex were swollen, a few vacuoles and pycnotic nuclei were seen; with the Giemsa stain, some loss in intensity of the pink color or even a slight basophilia of the cytoplasm was evident in a few cells. After 48 hours the changes were focal in distribution Since this technique was reported, a new lot of alizarin red S has been tested. It was found that a 0.6 per cent solution of the new dye was equivalent to a 1 per cent solution of the original dye. If too dilute, alizarin falls to stain small deposits of calcium; if too concentrated, it overstains the background. The optimal concentration for the test should be establkshed for each new lot of dye. and unequivocal; while they involved the inner cortex predominantly, with many of the involved tubules exhibiting advanced necrosis, similar changes, but less frequent, were found in the outer cortex. The effects were confined to the proximal convolutlons and were manifested by any of the following: increase in the intensity of the pink stain in affected cells; marked vacuolization of cells; granular or shred-like cytoplasm with pycnotic or poorly staining nuclei; absent brush borders; separation of cells individually or in groups from the basement membrane, thereby leading to the formation of cellular casts; frank tubular necrosis, as shown by an increase in intensity of the acidophilic staining amorphous cytoplasm, loss of nuclear and cell outline, with resulting casts in the intact or sometimes partially destroyed basement membranes. By the end of the 3rd day the changes were both extensive and advanced, with all proximal segments showing damage of the types described but with large areas showing advanced necrosis and many lumina filled with amorphous and cellular casts. Numerous giomerular capsules were distended with a ground glass-like material, and the lumina of segments distal to the proximal tubules were filled with granular debris and erythrocytes. Deep in the inner cortex signs of epithelial regeneration were manifest for the first time, as ceils of the flattened, sometimes pleomorphic type first described by MacNider (11) , which stained intensely with the basic dyes and extended in cord-like arrangement aiong the basement membrane of the former proximal tubules. Further study of animals sacrificed up through the 9th day (at which time the rats appeared moribund) disclosed chiefly that the damaged proximal convolutions were gradually replaced by the regenerating type of epithelial cell, which ultimately became the predominant cell type in the cortex.
It was surprising to find that in the series of rats injured with 2 rag. uranium nitrate/kg. (Figs. 2 to 6 ), the histological changes after 3 days were only slightly less advanced than those in the animals given 10 mg./kg. (Fig. 7) .
Sections from the animals in the 2 mg./kg, series killed on the 2nd, 3rd, and 5th days revealed changes only slightly less in degree and amount than those in the animals sacrificed on the same days in the 10 mg./kg, series. Sections from the animal sacrificed on the 8th day could not be differentiated from sections that were obtained from the corresponding animai in the 10 mg./kg, series. The finai animal in the series given 2 mg./kg., sacrificed on the 12th day after injury, seemed in good health and presumably would have survived. Sections from the kidneys of this animai showed the general pattern of architecture to be tending toward normal; regenerating epithelium was still dominant in the cortex, but it was less basophilic, the ceils were higher, and some tubules had both normal appearing nuclei and brush borders. (Compare with Fig. 1 ).
The rats given 20 or 30 mg./kg. (Figs. 8 to 12 ) differed from the preceding animals chiefly in that evidence of injury appeared very rapidly and advanced necrosis was more evident.
Widespread necrosis was present in the animal of each lot that was sacrificed 24 hours after injury. Those killed from the end of the 2nd to the end of the 6th day--at which time the animals were moribund--showed anatomical changes which were approximately of equal severity in the two series, and appeared to involve all proximal segments. Despite the massive injury in the recipients of the larger doses, regenerating epithelium appeared on the 3rd day, and by the 6th day had invaded the entire cortex to a marked degree.
In the 20 and 30 mg./kg, animals especially, and to a lesser extent in those given 2 and 10 mg./kg., histological changes of varying degree could be seen II Animal given 2 mg./kg, killed after 2nd day. ¶ The marked disparity between quantitative values, which were checked repeatedly, and the qualitative estimates as obtained with the alizarin stain in these two samples, can best be explained by loss of calcium during process of fixation and mounting of tissues. This is made most likely since these tissues were done together, during the early development of the histochemical technique. 
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Massive and while similar to preceding animal, is definitely more in amount As in preceding day in the tubular elements distal to the proximal convolutions. Whether this was a direct consequence of mild uranium damage to these elements themselves or was due to the marked metabolic derangements resulting from injury to the proximal convolutions is still uncertain at this time.
Studies of mitochondria in tissue preserved with Regaud's solution and stained with acid fuchsin-methyl green revealed clumping and fragmentation of these bodies at approximately the same time at which the first changes were visible in the tubules of the Giemsa, hematoxylin-eosin, and eosin-methylene blue preparations.
In sum the anatomical findings confirm previous observations, notably those of MacNider (11-13) and Oliver (14) . In its quantitative aspects, the present work extends them.
ttistochonical Findings
Alizarin Stain.--Among the rats given 10 rag. of uranium nltrate/kg, body weight, sections from the animal sacrificed at 6 hours appeared normal, whereas loci staining with alizarin were present in the animal killed 12 hours after injury. At this time, faint cytoplasmic areas of stain were found in some of the proximal convolutions at the corticomedullary junction; it was common to have but one or two ceils in a cross-section of a tubule show the dye, and within the affected cells the dye was demonstrable in only a portion of the cytoplasm. Study was made of serial sections stained with alizarin and with both hematoxylin-eosin and Giemsa techniques. From consecutive sections, 7 /z in thickness, it was possible to identify different portions of the same cell stained by the histochemical as well as the histological procedures. It was of considerable interest to find in the animals injured for 12 and 24 hours that when the tubules still appeared normal as shown by the two histological stains, excess calcium in a number of proximal tubules was clearly demonstrable by the alizarin stain (Figs. 13 and 14) . Study of sections from a rat injured with uranium nitrate 48 hours previously revealed in contrast some obviously damaged cells which failed to be stained with alizarin. And in sections from rats injured for longer periods, advanced histological changes often were present without evidence of calcium accumulation in many of the injured tubules. Between 36 and 72 hours, the steps became evident by which "calcium casts" were formed. Tubular cells with various amounts of calcium were separated from their basement membranes (Fig. 15) and became free or semidetached units within the old lumina. As more and more cells went through this process, they became moulded into a cellular mass which contained variable quantities of calcium--the C'cslcium cast" (Fig. 16 ). Somewhat later than at the stage illustrated in Fig. 16 , the cellular boundaries often became indistinct or absent, so that the cast no longer could be identified as having been cellular in origin. With the extension of necrosis as time passed, calcium deposits became widespread throughout the cortex (Fig. 17) and were especially marked in the casts just described. Even within the himina of the inner medulla there were isolated calcium casts which, by serial histological study, were found to be made up of amorphous and cellular debris. This type of medullary staining provided the single exception to an initial intracellnlar localization of all excess calcium.
Despite the similarity of anatomical changes in the rats given 2 and 10 mg. of uranium nitrate/kg., those which received 2 mg./kg, accumulated far less calcium, quantitative analysis showing no excess from the 5th through the 12th day of injury (Table I) . The histochemical procedure, on the other hand, clearly indicated that small intracellular deposits were present but in gradually declining amounts---quantities whose presence was obscured in the previous analysis through dilution by the volume of normal tissue necessarily included in that analytical technique. Thus, both the histochemical and histological changes in this series of animals appeared to be reversible.
Comparable studies on the two series of rats given 20 and 30 rag. of uranium nitrate/kg, body weight revealed well marked deposits of calcium at 24 hours, the earliest time at which these animals were examined. From the 2nd through the 6th day (when the animals were moribund) the morphological changes were approximately equal in the two series; but despite this histological similarity, the amounts of calcium contained in the kidneys were not equal. More was found in the 20 rag. than in the 30 mg. rats. The development of the calcified deposits followed the pattern described for the animals given 10 mg./kg.
From these facts, it is apparent that similar anatomical effects follow injury with widely different doses of uranium nitrate. The data suggest that if a certain degree of tubular injury is exceeded the anatomical alterations will develop at differing speeds, but will take nearly the same course if the animals' survival periods are sufficiently prolonged. The milder degrees of injury may be succeeded by both recovery of the animal and considerable anatomical repair, but the histological evidence does not clearly differentiate animals which had received smaller doses and would be expected to recover, from those animals which had received doses of a size usually fatal.
The amount of calcium in the damaged kidneys was found to be unrelated to the degree of injury that could be perceived on histological examination. Analysis of the tissue and staining with alizarin showed that neither the amount nor the distribution of calcium was correlated with the cellular pathology. There was no morphological difference between the kidneys of the animal given 2 mg./kg, killed on the 5th day, and that given 20 mg./kg, and killed on the 4th day; or between the two animals killed 8 days after the administration of 2 and 10 mg./kg., respectively. However, in the first mentioned pair of rats, the kidneys of one contained over eight times as much calcium as those of the second; the second pair differed in calcium content by nearly 30 times (Table I) . Even greater differences have been found among animals not listed in the table. Mter a review of the sections from this group of animals, it was apparent that even relative estimates of calcium accumulation could not have been made from study of the anatomical effects of the doses of uranium used.
The amount of uranium significantly influenced the amount of calcium found in the kidneys. At the lowest dose level of uranium nitrate, 2 mg./kg., calcium was present in the least amounts. The greatest accumulation of calcium was found in the animals given 10 and 20 mg./kg. When 30 nag. of uranium nitrate/kg, was given, the accumulation was below that reached following the 10 and 20 mg./kg, doses. The data indicate that calcium accumulation is enhanced by increasing the dose of uranium only up to a point. Doses greater than this are followed by lesser amounts of calcium within the kidney.
The van KOssa Stain.-
The silver nitrate stain of yon K6ssa (5), although long used for the demonstration of calcium in tissue sections, has in reality no specific relation to calcium. Selective staining by this method is the result of combination of the silver cation with one of a variety of anions, among which are phosphate, carbonate, sulfate, chloride, fatty acids (15) , and albumin (5). Because calcium phosphate salts make up the bulk of calcified material, the yon K6ssa test, which localizes the phosphate anion, has been assumed to locate calcium. It is obvious that the stain can be used to indicate the presence of certain anions but not to show the presence of calcium. Neg.
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Pos. When tested by spot tests on filter paper, the von K6ssa test was found to be about 10 to 15 times as sensitive to phosphate salts as the alizarin test was to calcium salts (4) . And when the same amounts of Ca3(P04)2 were stained by both methods, the yon K6ssa was positive before the alizarin stain. It is apparent, therefore, that the presence of Ca3(PO4)2 salts in tissues would be indicated first by the yon K6ssa stain, and later by the alizarin stain. In Table  II , sections from rats injured by 10 mg./kg, of UO2(NO.~)~. 6H20 for 12, 24, and 36 hours were positive to the alizarin stain but negative to the yon K6ssa. Therefore, these calcium deposits could not have been calcium phosphate salts. Only at a later time in these series did the calcium and phosphate appear at the same sites in approximately equal amounts. Thus far, no exception has been found to this finding in the considerable number of animals studied, including many not shown in the table. This confirms previous conclusions (1) arrived at by means of microchemical techniques.
The Stains for Iron.-
The association of iron with deposits of calcium has been under investigation for many years. Cameron (15) reviewed the literature and made experimental studies of the problem, from which he concluded that iron was not usually present in the calcified deposits. Recently, Bunting (8) , using the Prussian and Turnbull's blue reactions, has been able to demonstrate both ferric and ferrous iron in association with calcium in pathological blood vessels of various types and in other structures undergoing pathological calcification including kidney. The association of calcium and iron becomes important if it is true that the presence of iron is required for the deposition of calcium salts (16) .
The present method of producing pathological calcification offered the opportunity of testing for iron definitely prior to calcification of widely varying degrees as well as during its course. Only one rat in our entire series of animals showed any iron by the Prussian blue reaction. In this rat, traces of iron were found in the kidney, without any relationship to the massive deposits of calcium which had taken place. Similarly, only faint traces of iron were found with the Turubull's blue reaction. Therefore, iron in the quantities revealed by these two tests does not enter into this type of calcification.
The Toluldine Blue Stain for Chondroitinsulfate.--A 0.1 per cent aqueous solution of toluidine blue was used as a stain to reveal any deposits of chondroitinsulfate (17) . Most sections showed no metachromasia, and in the few giving this reaction the areas were faint and unrelated to the areas that stained with alizarin. This negative finding makes it unlikely that the surplus of calcium over phosphate was due to the combination of calcium with chondroitinsulfate.
The Periodate Fucksin-Sulflte Stain of Hotchkiss for Carbohydrates.-
The areas giving a positive reaction with this stain were unrelated to the sites of calcium deposit. This finding makes it unlikely that any appreciable amount of calcium is held in combination with polysaccharides.
SUMMARY
The anatomical and histochemical alterations in rat kidneys after the parenteral administration of uranium nitrate [UO2(NOa)2.6H~O] have been studied. The histological effects produced by this agent over a wide range of dose levels were nearly identical in character and differed principally in their speed of evolution. The deposition of calcium always began at loci in the cytoplasm of the cells of the proximal convoluted tubules of the inner cortex. It remained intracellular until the cell boundaries were destroyed.
Deposits of calcium could be found before any other cellular damage could be demonstrated by histological examination. Later, when degeneration and necrosis were present, the foci of calcification were imperfectly related to them in location or degree. In contrast, the amount of calcification was correlated with the dose of uranium nitrate, being greatest in the kidneys of rats that received 20 mg./kg., next greatest in the 30 mg./kg, rats, less in the 10 mg./kg, rats, and slight in those that received 2 mg./kg.
Histochemical stains for ferric and ferrous iron, chondroitinsulfate, and polysaccharides gave results that were negative or unrelated to the deposits of calcium, thus making it unlikely that these substances held any appreciable amount of calcium in the tissue. Yet it is clear that some anion other than phosphate must be combined with part of the calcium; the results with the alizarin and von K6ssa stains confirmed an earlier result (1) in showing that the first deposits of calcium are formed without comparable accumulations of phosphate.
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